Deoxycytidine kinase (dCK) is a key enzyme in the nucleoside salvage pathway that is also required for the activation of several anticancer and antiviral nucleoside analog prodrugs. Additionally, dCK has been implicated in immune disorders and has been found to be overexpressed in several cancers. To allow the probing and modulation of dCK activity, a new class of small-molecule inhibitors of the enzyme were developed. Here, the structural characterization of four of these inhibitors in complex with human dCK is presented. The structures reveal that the compounds occupy the nucleoside-binding site and bind to the open form of dCK. Surprisingly, a slight variation in the nature of the substituent at the 5-position of the thiazole ring governs whether the active site of the enzyme is occupied by one or two inhibitor molecules. Moreover, this substituent plays a critical role in determining the affinity, improving it from >700 to 1.5 nM in the best binder. These structures lay the groundwork for future modifications that would result in even tighter binding and the correct placement of moieties that confer favorable pharmacodynamics and pharmacokinetic properties.
Deoxycytidine kinase (dCK) is a key enzyme in the nucleoside salvage pathway that is also required for the activation of several anticancer and antiviral nucleoside analog prodrugs. Additionally, dCK has been implicated in immune disorders and has been found to be overexpressed in several cancers. To allow the probing and modulation of dCK activity, a new class of small-molecule inhibitors of the enzyme were developed. Here, the structural characterization of four of these inhibitors in complex with human dCK is presented. The structures reveal that the compounds occupy the nucleoside-binding site and bind to the open form of dCK. Surprisingly, a slight variation in the nature of the substituent at the 5-position of the thiazole ring governs whether the active site of the enzyme is occupied by one or two inhibitor molecules. Moreover, this substituent plays a critical role in determining the affinity, improving it from >700 to 1.5 nM in the best binder. These structures lay the groundwork for future modifications that would result in even tighter binding and the correct placement of moieties that confer favorable pharmacodynamics and pharmacokinetic properties.
Introduction
Biosynthesis of deoxyribonucleotides, which are required for DNA replication and repair, can be achieved through either de novo synthesis or salvage pathways (Reichard, 1988) . The de novo synthesis pathway uses glucose and amino acids to first produce ribonucleotides (Evans & Guy, 2004) that are then processed to deoxyribonucleotides by ribonucleotide reductase (Fairman et al., 2011) . Alternatively, the nucleosidesalvage pathway recycles bases and nucleosides originating from the degradation of RNA and DNA. The salvaged bases and nucleosides can then be converted back into nucleotides for DNA synthesis (Arné r & Eriksson, 1995) . Owing to crosstalk and compensatory potential of the enzymes participating in these synthetic pathways, the functional in vivo role of each individual enzyme is ambiguous.
A key member of the salvage pathway is deoxycytidine kinase (dCK), a dimeric enzyme composed of 260 residues per protomer. This cytosolic nucleoside kinase catalyzes the 5 0 -phosphorylation of deoxycytidine (dC), deoxyadenosine (dA) and deoxyguanosine (dG), with either ATP or UTP serving as the phosphoryl donor (Sabini, Hazra, Ort et al., 2008) . Additionally, dCK phosphorylates, and as a result activates, numerous anticancer and antiviral nucleoside analogues such as fludarabine (Van den Neste et al., 2005), clofarabine (Montgomery et al., 1992) , gemcitabine (Ruiz van Haperen et al., 1994) and lamivudine (Kewn et al., 2000) . Although the enzymatic function of dCK in DNA-precursor biosynthesis and nucleoside-analog activation has been well established, its physiological implications remain unclear.
The biological function of proteins is often explored using approaches such as small interfering RNA (siRNA), gene deletion or the use of small-molecule inhibitors directed against the protein of interest. To investigate the possible role of dCK in lymphopoiesis, Toy and collaborators generated dCK knockout mice (Toy et al., 2010) . Using this powerful tool, they could demonstrate that normal lymphocyte development requires dCK activity (Austin et al., 2012) . However, the genedeletion approach does not permit the evaluation of the temporal function of the gene product. In contrast, smallmolecule inhibitors offer an advantage by providing control over when the activity of the enzyme under study is eliminated. Prior to our work, the sole report of potent dCK inhibitors originated from Lexicon Pharmaceuticals, whose goal was to better understand the role of dCK in immunerelated diseases (Jessop et al., 2009; Tarver et al., 2009; Yu et al., 2010) .
In addition to probing the in vivo function of dCK, inhibitors of this enzyme could play a role in immunodeficiency syndromes owing to adenosine deaminase or purine phosphorylase deficiencies as well as in cancer treatment (Joachims et al., 2008; Weng et al., 2013) . Notably, overexpression of dCK has been observed in several cancers . While dCK activity is not required for cell proliferation (the use of dCK inhibitors would not prevent cancer growth), inhibition of dCK in cancer cells would generate an imbalance in nucleotide-precursor synthesis. This could potentially induce DNA-synthesis/repair defects and ultimately cell death when combined with inhibitors of the de novo pathway and/or DNA-damaging agents.
Owing to the aforementioned critical roles played by dCK, we initiated a program to identify small-molecule dCK inhibitors. A report (Murphy et al., 2013 ) details a high-throughput screen (HTS) that resulted in two hit compounds; a subsequent structure-activity relationship (SAR) analysis was performed which yielded potent dCK inhibitors with in vivo efficacy. Here, we present the crystal structures of the human dCK enzyme in complex with the best of what we refer to as the F-series of dCK inhibitors. The X-ray structures reveal how the compounds interact with dCK and rationalize the different binding affinities of the inhibitors. Moreover, the structures are being exploited to guide future modifications to the F-series inhibitors for attaining desired in vivo properties such as metabolic stability and biodistribution/absorption without perturbing the already attained nanomolar affinity.
Materials and methods

Materials
General laboratory reagents were purchased from Fisher (Pittsburgh, Pennsylvania, USA) and Sigma-Aldrich (St Louis, Missouri, USA). All nucleosides and nucleotides were obtained from Sigma. All inhibitors were synthesized at UCLA (Murphy et al., 2013) .
Protein expression and purification
The human dCK variant used in these studies contained five mutations: four solvent-exposed cysteine residues are mutated to serines (C9S/C45S/C59S/C146S; referred to as C4S) and Ser74 is mutated to a glutamic acid. Our previous work showed that the C4S-dCK variant generates better quality crystals without altering the three-dimensional structure of dCK or its enzymatic activity (Sabini et al., 2007) . The S74E mutation serves to mimic the phosphorylated state of this serine residue. When we refer to dCK in this report, we mean the C4S-S74E-dCK variant. dCK was expressed in Escherichia coli BL21 C41(DE3) cells using a pET-14b vector; the cells were grown in 2ÂYT medium and induced with 0.1 mM IPTG for 4 h at 310 K. The cells were harvested and the pellet was lysed by sonication. The lysate was cleared by centrifugation at 30 000 rev min À1 for 1 h at 277 K and the supernatant was loaded onto a 5 ml HisTrap nickel-affinity column (GE Healthcare). The column was washed with 300 ml of a buffer composed of 25 mM Tris-HCl pH 7.5, 500 mM NaCl, 30 mM imidazole. The bound protein was eluted with the same buffer but containing 250 mM imidazole and was further purified by gel filtration using an S-200 column in a buffer consisting of 25 mM HEPES pH 7.5, 200 mM sodium citrate, 2 mM EDTA, 3 mM DTT. The protein fractions were pooled, concentrated, aliquoted, flash-frozen in liquid nitrogen and stored at 193 K until use.
Kinetic assay
The phosphorylation activity of dCK was determined using a spectroscopic NADH-dependent enzyme-coupled assay (Agarwal et al., 1978; Sabini et al., 2003) . All measurements were taken in triplicate at 310 K in a buffer consisting of 100 mM Tris pH 7.5, 200 mM KCl, 5 mM MgCl 2 , 0.5 mM EDTA, 0.8 mM phosphoenolpyruvate, 0.4 mM NADH with 50 nM dCK and 1 mM ATP. To determine the IC 50 app values, we measured the observed rate (V obs ) values in the absence and the presence of the different inhibitors at a fixed saturated nucleoside concentration (100 mM dC). The relative enzyme activity was plotted and IC 50 app was determined using the equation
where IC 50 app is the concentration of the inhibitor necessary to inhibit 50% of dCK activity and [I] o is the inhibitor concentration. Owing to the relatively slow rate of dC phosphorylation by dCK (even at a saturating dC concentration), we were prevented from using a dCK concentration of below 50 nM.
The steady-state kinetic data were also fitted to an explicit inhibition model (see text). The equation for this model is a quadratic
where V obs is the observed rate, V o is the velocity in the absence of inhibitor, n is a stoichiometric factor, [E] o is the dCK concentration, [I] o is the inhibitor concentration and K i app is the apparent inhibition constant. Because compounds F3 and F4 bind with the highest affinity, the stoichiometric factor n is easily determined by fitting the data to the quadratic equation. F3 and F4 give similar values of 0.77 and 0.82, respectively. This means that when $0.8 equivalents of the inhibitor are added, 100% of the enzyme has been inhibited. This suggests that the enzyme and inhibitor concentrations are each associated with an error and n corrects the concentration of the enzyme to give 1:1 inhibition. The error can be in either the enzyme (not completely active) or the inhibitor or both. The similar correction factors for the two inhibitors suggests that there is a consistent error in the enzyme concentration of $20%. This is not unreasonable.
Because F2 and F1 do not bind as tightly as F3 and F4, we fixed the stoichiometric factor at the average value of 0.8 to fit these data. This results in excellent fits for these inhibitors. As the activity measured in the absence of inhibitor is also associated with an error, we also fitted this value as a parameter. All the data for each titration were then normalized to the fitted value of activity in the absence of inhibitor. In addition, we weighted the data by the relative standard deviations of each point, although this did not make a large difference to the fits. All data were fitted using the KaleidaGraph software.
Crystallization, X-ray data collection and refinement
Crystals of human dCK in complex with inhibitors and UDP were grown at 285 K using the hanging-drop vapor-diffusion method. The conditions for all dCK-inhibitor complexes were as follows: 1 ml dCK protein at 10-17 mg ml À1 in complex with a 2.5-fold molar excess of inhibitor, 2 mM UDP and 5 mM MgCl 2 was mixed with 1 ml reservoir buffer solution. The reservoir solution consisted of 0.9-1.5 M trisodium citrate dehydrate and 25 mM HEPES pH 7.5. Prior to data collection, crystals were soaked in mineral oil for cryoprotection. Diffraction data for dCK in complex with F2 were collected on SER-CAT beamline 22-BM at the Advanced Photon Source, Argonne National Laboratory. Data for all other complexes were collected on the Life Sciences Collaborative Access Team (LS- Table 1 Data-collection and refinement statistics.
Values in parentheses are for the last shell. CAT) beamline 21-ID-G. Data were processed and scaled with XDS and XSCALE (Kabsch, 2010) . Structures were determined by molecular replacement with MOLREP (Vagin & Teplyakov, 2010) using the dCK structure (PDB entry 3qen; Hazra et al., 2011 ) as a search model. Refinement was conducted using REFMAC (Murshudov et al., 2011) and model building using Coot (Emsley et al., 2010) . All inhibitor coordinates and library descriptions were generated using the PRODRG server (Schü ttelkopf & van Aalten, 2004) . All data sets were perfectly twinned and iterative refinements were carried out using REFMAC with the Twin option active. Datacollection and refinement statistics are listed in Table 1 The dCK-F1-UDP complex structure reveals that two molecules of F1 bind to dCK in a parallel manner. (a) The dCK-F1-UDP complex crystallized as a dimer. Protomers A and B of dCK are represented as a cartoon diagram in light and dark green colors, respectively. F1 molecules are depicted in red. This inhibitor binds to the nucleoside-binding site of dCK in a dimeric fashion and not to the nucleotide-binding site, which is occupied by UDP (magenta). (b) Two F1 molecules (thick green sticks) bind to dCK; the molecule binding deeper into the binding cavity is referred to as F1-P1, while the second molecule is referred to as F1-P2. Residues from dCK implicated in the F1 hydrogen-bond network are represented as thin green sticks. This involves residues Glu53, Gln97 and Asp133 that contact the pyrimidine ring of F1-P1, while F1-P2 makes only one polar contact with dCK via residue Glu197. Amino acids depicted in magenta are hydrophobic residues also involved in F1 binding to dCK. Dashed lines represent hydrogen bonds and distances are in Å . Two water molecules also interact with F1 and are represented as blue spheres.
Results and discussion
3.1. F-series compounds 1-4 are a new class of high-affinity selective human dCK inhibitors Here, we report the steady-state kinetic and structural evaluation of a family of dCK inhibitors. The founding member, F1, was synthesized after identifying two hits from an HTS. The details and synthesis of this compound and others are reported in Murphy et al. (2013) . F-series inhibitors are composed of a pyrimidine ring carrying two exocyclic amino groups (Fig. 1a ). This pyrimidine ring is linked to a thiazole ring via an S atom followed by a methylene group. Finally, the thiazole ring extends to a phenyl ring carrying a fluoroethoxy group at the meta position and a methoxy moiety at the para position. The rationale behind the F atom is to enable the tracking of these molecules through positron emission tomography (PET) imaging when the inhibitors are synthesized with the 18 F positron-emitting radioisotope. The sole difference between the four F-series family members presented here is the nature of the substituent at the 5-position of the thiazole ring. Apparent IC 50 (IC 50 app ) values of the inhibitors were determined using steady-state kinetics. We measured an IC 50 app of 745 nM for compound F1 (Figs. 1b and 1c) .
Crystal structure of dCK in complex with F1 and UDP
We solved the structure of dCK in complex with F1 and UDP at a resolution of 2.0 Å using molecular replacement. Data-collection and refinement statistics are presented in Table 1 . The crystals were twinned and contained two protomers of dCK in the asymmetric unit ( Fig. 2a) . Notably, each dCK protomer had two molecules of F1 bound (depicted as red spheres in Fig. 2a ). The F1 molecules are bound in a parallel fashion. Interestingly, in work performed by Lexicon Pharmaceuticals, a deposited dCK-inhibitor structure also contained two molecules in the active site (Jessop et al., 2009) . However, in contrast to our observations for F1, the Lexicon inhibitor bound in an antiparallel orientation.
The dCK-F1 complex structure revealed that the inhibitor occupies the nucleoside-binding site. In fact, the nucleotide-binding site is occupied by UDP (shown in magenta in Fig. 2a ). Because two molecules of F1 bind to dCK, we refer to the molecule binding deeper in the active site as F1-P1 and to the second molecule as F1-P2.
The binding of F1-P1 to dCK mainly involves polar interactions via the pyrimidine moiety (Fig. 2b) . The catalytic carboxylic acid of the enzyme, Glu53, makes a 3.2 Å interaction with one of the two exocyclic amine groups, while Gln97 makes a bidentate hydrogenbond interaction: 2.9 Å to the ring N atom and 3.3 Å to the second exocyclic amine group. This amine group also makes a 2.9 Å hydrogen bond to Asp133. The most noticeable hydrophobic interaction between F1-P1 and dCK involves aelectron stacking interaction of Phe137 and the pyrimidine ring of the inhibitor. Additional hydrophobic residues also contributing to F1-P1 binding are represented in magenta in Fig. 2(b) .
F1-P2, on the other hand, makes noticeably fewer direct contacts with dCK. The lone polar contact seems to be a 2.7 Å interaction with Glu197. Even though the fluoroethoxy chain of F1-P2 is close to several residues (Gly199, Ile200 and Pro201), this second inhibitor molecule seems to mostly bind through a stacking interaction with the thiazole and phenyl rings of F1-P1.
Superimposition of the dCK-F1-UDP complex and the dCK structure in complex with UDP and 5-bromo-deoxycytidine (5Br-dC; PDB entry 3qen) reveals that the pyrimidine rings of F1-P1 and 5Br-dC bind in exactly the same position. Moreover, the pyrimidine ring of F1-P1 displays the same hydrogen-bond network with dCK as that made by the base of the nucleoside (Fig. 3) .
Compound F1 stabilizes the open state
Our previous work has reported that dCK can adopt open and closed states (Godsey et al., 2006; Hazra et al., 2011; Sabini et al., 2007; Sabini, Hazra, Ort et al., 2008) , where the closed state is the catalytically competent conformation. The open state allows nucleoside binding/product release but is catalytically incompetent. The nature of the nucleotide (ATP versus UTP) and the phosphorylation state of Ser74 influence the equilibrium between the open and closed states of the enzyme. Whereas ATP/ADP favors the closed dCK conformation, UTP/UDP and phosphorylated Ser74 (as manifested by the S74E mutation) favor the open state (Hazra et al., 2011) . We were only able to obtain dCK-inhibitor complex crystals with UDP. We were also more successful in reproducibly obtaining good diffracting crystals using the S74E dCK mutant. Hence, we were not surprised to discover that F1 binds to dCK in the open state and stabilizes the enzyme in this inactive conformation (Fig. 4) . Despite the fact that the S74E mutation promotes the open state, our structure in this conformation is not an artifact solely owing to this modification. This conclusion is supported by the fact that we were able to crystallize and solve the structure of the complex with a non-Ser74 mutant form of dCK and it too adopted the dCK open state (data not shown). Moreover, the dCK-inhibitor structure reported by Lexicon Pharmaceuticals (Jessop et al., 2009 ; PDB entry 3ipy) also presents dCK in the open conformation, a fact that was not mentioned in their report. Similar to our observation with compound F1, the Lexicon compound also bound as two molecules per dCK protomer. Together, this demonstrates that the dCK open state is vulnerable to inhibition by small molecules.
Superimposition of our dCK-F1-UDP complex structure (open enzyme state) and the complex of dCK with dC and ADP (PDB entry 2no1; closed enzyme state; Sabini et al., 2007) depicts the differences between the two conformations ( Fig. 4) . Although the two structures show a good overall fit (r.m.s.d. of 0.51 Å over 144 C atoms), we can easily differentiate the open and closed states of the enzyme. When dCK transitions to the open conformation, several events occur around the nucleoside-binding site. In terms of catalytic competency, the residue responsible for activating the 5 0 -hydroxyl group of the nucleoside for nucleophilic attack on ATP/UTP (2.6 Å distance; enlargement in Fig. 4a ), Glu53, is now too distant to interact directly with the 5 0 -hydroxyl group of the nucleoside (3.5 Å distance; enlargement in Fig. 4a ). In terms of active-site rearrangement, major changes occur in the vicinity of Trp58. While making an interaction with Ser103 in the closed state, the position of the Trp58 side chain is dramatically changed in the open state, directly interacting with Glu74, the phosphomimetic residue of phosphorylated Ser74. Fig. 4(a) demonstrates the conformational differences between the open and closed dCK states, with a focus on Trp58 and Glu74. The interaction between Glu74 and Trp58 in the open state, built upon the rotation of the Trp58 indole side chain, results in a larger cavity within the dCK active site. The cavity is exploited by F1 when binding to the enzyme (Fig. 4b ; dCK surface colored in green and F1 depicted in red). In contrast, solvent access to this cavity is obstructed in the closed state of the enzyme (Fig. 4b ; dCK surface colored in blue). This shows that steric considerations require the binding of F1 to the open dCK state.
The presence of two inhibitor molecules per dCK active site raises several questions. (i) Does this type of inhibitor require the binding of two molecules to achieve an interaction with dCK? (ii) Is the binding sequential or do the inhibitors bind as a dimeric unit? (iii) If the binding is sequential, is the affinity of one molecule stronger than the other? (iv) Lastly, would there be an advantage in generating an inhibitor that binds as a single molecule to dCK? The dCK-F1 complex structure suggests that the representing the closed state) in the same orientation. In the closed state, the nucleoside is occluded and cannot dissociate from the enzyme. The larger F1 would not fit in the closed enzyme state and must bind to the open state that allows it to protrude into the solvent. binding to position 1 is stronger than the binding to position 2. However, it is not clear whether the inhibitor-inhibitor stacking interaction is a prerequisite for binding to dCK, nor does it clarify the other questions. The additional structures and kinetic analysis presented below provide strong clues to address these questions.
Enhancing compound F1 activity against dCK
The F1 molecule was originally designed with an H atom at the 5-position of the thiazole ring. While analyzing the dCK-F1 complex structure, it became apparent that the F1-P1 thiazole ring is placed such that its 5-position is in the vicinity of an unfilled hydrophobic space (Fig. 5 ). This suggested that inhibitor binding could be improved by adding a hydrophobic substituent that fills this space. Thus, we progressively extended the substituent of the 5-position of the thiazole ring from the original H atom (F1) to a methyl, ethyl or propyl moiety (compounds F2, F3 and F4, respectively).
Remarkably, the F2 derivative, which contained a methyl group in place of the H atom on the thiazole ring, exhibited an IC 50 app of 26 nM, a 30-fold decrease relative to F1. The presence of a longer substituent such as an ethyl (F3) or propyl (F4) moiety resulted in molecules with very similar IC 50 app values (Fig. 1c) . It is important to note that the fit of the steady-state kinetic data for the calculation of IC 50 app values assumes a simple hyperbolic inhibition of the enzyme activity. This assumption is valid when the inhibitor affinities have inhibition constant (K i ) values higher than the enzyme concentration used in the experiment. Since we used a concentration of 50 nM dCK in our assays (see x2), this assumption holds true for F1 but not for the other three inhibitors. The latter bind sufficiently tightly that nearly all added inhibitor binds to the enzyme active site until saturation of the enzyme is approached. Hence, the high-affinity inhibitors are binding stoichiometrically to the enzyme for the first half of the titration and only after 50% of the enzyme is inactivated can one discern differences in inhibitor affinity. This analysis explains why the IC 50 app values for the high-affinity inhibitors are close to 25 nM and why the fit of the data (R 2 ) becomes progressively worse: as the binding becomes tighter, the deviation from the hyperbolic equation increases.
The breakdown of the empirical approach prompted us to fit the data to a more explicit inhibition model. The model that we used assumes that (i) the binding of one inhibitor molecule to each enzyme active site results in inactivation and that (ii) the inhibitor binds to the active site of each protomer independently so that the binding of the inhibitor to one protomer active site has no effect on the binding to the other active site. This is the simplest type of enzyme-inhibition model; Determination of K i app values better reflects the potency of the inhibitor compared with IC 50 app values. (a) Steady-state data and curve fit with the explicit binding model for the four inhibitors. (b) K i app , error and coefficient of determination (R 2 ). The fit to the explicit model (providing K i app values) is superior to the simplistic fit that determines IC 50 app values, and notably reveals that the inhibition is improved with increased alkylchain length at the 5-position of the thiazole ring.
Figure 5
An unfilled hydrophobic space in the proximity of the thiazole ring 5-position. The surface of dCK is shown with hydrophobic residues colored in magenta. The 5-position of the thiazole group of F1-P1 is facing towards a hydrophobic space. This pocket is deep enough to accommodate an alkyl chain at the 5-position of the thiazole ring (represented as a black dashed line).
(K i app ) is much higher than the enzyme concentration used when titrating the enzyme with the inhibitor.
Fitting of the steady-state data to the explicit inhibition model resulted in improved fits, and importantly revealed differences in affinity between the inhibitors. The binding does indeed become increasingly tighter (lower K i app ) as the length of the alkyl chain is increased (Fig. 6) . To better understand the molecular reasons for the increased inhibition, we solved crystal structures of dCK in complex with these F-compounds (Fig. 7) .
Crystal structure of dCK in complex with F2 and UDP
The dCK-F2-UDP complex also crystallized in space group P4 1 and contained two protomers of dCK and four F2 molecules in the asymmetric unit. These structures of the dCK-F1 and the dCK-F2 complexes display high similarity (r.m.s.d. of 0.33 Å over 208 C atoms). Owing to the methyl group on the thiazole ring, the F2-P1 position changes by $0.8 Å relative to the F1-P1 position, whereas F1-P2 and F2-P2 display a better overlay (Fig. 8a) . The parallel binding mode of the two inhibitor molecules in positions 1 and 2 is maintained, as seen for F1. This places the thiazole methyl group of one F2 molecule in proximity to the methyl group of the other F2 molecule. As predicted by the structure of the dCK-F1 complex (Fig. 5) , the methyl group present in F2-P1 points into the hydrophobic space. This added interaction between F2-P1 and dCK, plus the stacking of the methyl groups of the two bound inhibitor molecules, may explain the increased inhibition of dCK by F2 relative to F1.
3.6. Crystal structure of dCK in complex with F3 and UDP Interestingly, despite F2 and F3 crystallizing in the same space group, the structure reveals a different occupancy of the binding sites for the inhibitors while maintaining an identical enzyme conformation. An overlay of the dCK-F1 and dCK-F3 complex structures (r.m.s.d. of 0.34 Å over 212 C atoms; the r.m.s.d. for the overlay of dCK-F2 and dCK-F3 was 0.31 Å over 205 C atoms) is presented in Fig. 8 . In the latter structure, F3 is clearly present at binding site 1 (in both protomers) as shown by strong electron density (Fig. 7) . In contrast, F3 is absent from binding site 2 in protomer B and is only present at low occupancy (estimated to be $0.5) in protomer A (Figs. 7  and 8) . In deciding the presence or absence of F3 at position 2 we are helped by the position adopted by Tyr86. When position 2 is occupied by the inhibitor, as seen for F1 and F2, the side chain of Tyr86 points away from the inhibitor. However, when position 2 is not occupied or is only partially occupied by the inhibitor, Tyr86 rotates $90 to occupy a space that would be taken by the pyrimidine ring of the inhibitor. In the dCK-F3 complex, the electron density revealed two conformations for Tyr86 in protomer A, supporting the observed low F3-P2 occupancy (Fig. 8b) . In protomer B, Tyr86 adopted the conformation not consistent with F3-P2 binding, confirming the absence of F3-P2. Hence, the electron density for Tyr86 allows us to confidently assign the presence/absence or partial occupancy of the inhibitor at position 2.
The binding of a single F3 molecule to dCK answers one of the previously raised questions with an affirmative: these molecules can bind in a single fashion to dCK, which also suggests that the stacking interaction between two inhibitor molecules is not critical. We rationalize the lack/partial binding of F3 at position 2 by the presence of a second C atom on the thiazole-ring alkyl chain. The binding of F3-P1 positions the ethyl group pointing towards the P2 binding site. In this scenario, a second inhibitor molecule is hindered from the P2 binding site, explaining the partial occupancy in protomer A and its absence in protomer B. The observation that enzyme inhibition is correlated with the stoichiometric binding of one F2 per protomer active site implies that the second inhibitor molecule binds more weakly than, and subsequent to, binding of the first molecule. Therefore, the measured K i app for F2 The nature of the inhibitor determines the occupancy at the active site.
(a) The occupancy of F-series molecules at the dCK active site is affected by the substituent at the thiazole ring. We progressively extended an alkyl chain (from a methyl group to a propyl group) at the 5-position of the thiazole ring. The number of inhibitor molecules observed in each dCK protomer is also shown. F1 and F2 both bind with two molecules per protomer of dCK (protomers A and B) . In contrast, F3 has 1.5 molecules bound to dCK protomer A, which means that P1 is fully present but the P2 molecule is only observed at an estimated 0.5 occupancy. F3-P2 was absent in dCK protomer B. F4 showed only one molecule bound to each dCK protomer. (b) Electron-density OMIT maps [mF o À DF c as calculated in REFMAC contoured at 2 (0.08 e Å À3 ) from protomer A] at the position of the inhibitors. The white dotted representation of F3 depicts its partial occupancy. F4 shows only one molecule bound into the active site.
reflects the affinity of just the first inhibitor molecule that binds. This affinity may be enhanced by the binding of the second inhibitor molecule. It follows that the lower K i app of F3 compared with F2 results from the greater hydrophobic interaction of the ethyl group than the methyl group.
3.7. Crystal structure of dCK in complex with F4 and UDP Finally, we solved the dCK-F4-UDP complex structure. Like the previous complexes, it crystallized in the same space group with twinning and contained two dCK protomers in the asymmetric unit. Notably, only a single F4 molecule is observed per dCK protomer ( Figs. 7 and 8) . As discussed earlier, the conformation of Tyr86 unambiguously confirmed the absence of an F4 molecule at the P2 binding site (Figs. 8b and 8c ). This structure demonstrates that the presence of a longer alkyl chain at the 5-position of the thiazole ring increases the binding at P1 but prevents binding at P2. The enzyme responds to the lack of a second inhibitor molecule at P2 by adopting a more compact open state (Fig. 8c) . F4 is the most potent inhibitor of this F-series, showing a K i app of 1.5 nM. Thus, it is clear that only one molecule per protomer is sufficient to fully inhibit dCK activity.
Conclusion
We elucidated the crystal structures of human dCK in complex with smallmolecule inhibitors. The compounds, referred to as the F-series, occupy the nucleoside-binding site of dCK and do not preclude nucleotide binding. The pyrimidine moiety of the inhibitor binds at the same position and conserves the same hydrogen-bond network as the pyrimidine ring of deoxycytidine, the nucleoside substrate of dCK. Inhibitor binding is to the open form of dCK, which is a nucleoside competent binding/product-release conformation but catalytically inactive state. In fact, the dCK closed state is not competent for inhibitor binding. Taken together with previous work in which a small inhibitor molecule was crystallized in complex with dCK in the open state (Jessop et al., 2009) , our results support the conclusion that the open state is more vulnerable to inhibition by small molecules.
We examined four related inhibitors that differ in the nature of the substituent located at the 5-position of the thiazole ring. Compound F1, with an H atom at this position, binds in a partially parallel dimeric fashion to dCK, with the thiazole and phenyl rings of one inhibitor molecule stacking against the corresponding rings from the second inhibitor molecule. The pyrimidine rings of the inhibitors do not stack; each binds at a different site. Notably, the pyrimidine ring binding to position 1 makes significantly more enzyme interactions than the corresponding pyrimidine ring binding to position 2. A hydrophobic space in the proximity of the thiazole ring of the inhibitor at position 1 suggested that molecules with an alkyl substituent would bind more tightly. Indeed, F2, with a methyl group at the 5-position of the thiazole, has a 75-fold lower K i app . Extending the alkyl substituent to an ethyl (F3) or propyl (F4) group resulted in even tighter binding. Unexpectedly, the molecules with the longer alkyl chain bind singly.
Based on the four dCK-F-series inhibitor complex crystal structures detailed here, we can make the following conclusions. (i) The molecules bind to dCK in either a dimeric or a monomeric fashion, depending on the substituent at the 5-position of the thiazole ring. (ii) When binding two molecules, the molecule at position 1 binds first and with a higher affinity than the molecule at position 2. (iii) The stacking interaction built between two inhibitor molecules may enhance inhibitor binding affinity but requires inhibitor concentrations much greater than the K i app . (iv) The lack of a hydrophobic substituent at the 5-position of the thiazole is highly detrimental to affinity (75-fold reduced affinity of F1 compared with F2) owing to an unfilled hydrophobic space; longer chains result in only modestly increased affinity (sixfold increased affinity for F4 over F2). Finally, (v) for the purpose of improving our best binder, F4, future work should focus on modifying the phenyl ring that carries the fluoroethoxy chain, as well as on modifications that will prevent the possible hydrolysis of the thiomethyl thiazole.
